Low temperatures in northern winters are energetically challenging for mammals, and a special energetic burden is expected for diminutive species like shrews, which are among the smallest of mammals. Surprisingly, shrews shrink their body size in winter and reduce body and brain mass, an effect known as Dehnel's phenomenon, which is suggested to lower absolute energy intake requirements and thereby enhance survival when food availability is low. Yet reduced body size coupled with higher body-surface-to-mass ratio in these tiny mammals may result in thermoregulatory heat production at a given temperature constituting a larger proportion of the total energy expenditure. To evaluate energetic consequences of reduced body size in winter, we investigated common shrews Sorex araneus in northeastern Poland. Average body mass decreased by 19.0% from summer to winter, and mean skull depth decreased by 13.1%. There was no difference in Dehnel's phenomenon between years despite different weather conditions. The wholeanimal thermal conductance (proportional to absolute heat loss) in shrews was 19% lower in winter than in summer; the difference between the two seasons remained significant after correcting for body mass and was caused by improved fur insulation in winter. Thermogenic capacity of shrews, although much enhanced in winter, did not reach its full potential of increase, and this corresponded with relatively mild subnivean temperatures. These findings indicate that, despite their small body size, shrews effectively decrease their costs of thermoregulation. The recorded decrease in body mass from summer to winter resulted in a reduction of overall resting metabolic rate (in thermoneutrality) by 18%. This, combined with the reduced heat loss, should translate to food requirements that are substantially lower than would be the case if shrews did not undergo seasonal decrease in body mass.
Introduction
Seasonal environments of temperate and cold climates impose a great challenge on homeothermic animals. Animals that reside in these environments employ many different behavioral, anatomical, and physiological mechanisms to cope with cold in winter. Comparison of phenotypic physiological responses associated with seasonal acclimatization in various species of mammals has led to the conclusion that the adaptive strategy depends on the body size of a species (Heldmaier 1989; Lovegrove 2005) . In large mammals, seasonal acclimatization is dominated by improved fur insulation (decreased thermal conductance). Smaller nonhibernating terrestrial mammals diminish their energy expenditure by a combination of winter reduction of body mass, improved thermal conductance, and, in some species, torpor (Heldmaier 1989) . In small mammals with less than 100-g body mass, adjustments to winter focus on reduction of body size, called Dehnel's phenomenon, accompanied by reduction in the whole-animal basal energy expenditure (Lovegrove 2005) .
Interspecific comparison shows that the magnitude of Dehnel's phenomenon is inversely related to body mass (Lovegrove 2005) . Indeed, although the phenomenon has been described in several species of small rodents (Zejda 1971; Iverson and Turner 1974; Merritt and Zegers 1991) , the most pronounced winter mass reduction has been observed in species of Sorex shrews (Dehnel 1949) , which number among the smallest extant mammals. In the common shrew Sorex araneus, which has been best studied, the average body mass loss from summer to winter varies in Europe from 9% to 28%, depending on the population (Ochociń ska and Taylor 2003) . Almost all reports of Dehnel's phenomenon are based on the monthly mean body masses of animals trapped throughout the year, but winter mass reduction has also been shown in specific individuals tracked through time (Shillito 1963; Churchfield 1990 ). Winter mass loss in shrews is associated with the reduction of overall size caused by the reduction in length of the vertebral column, which results from the flattening of the intervertebral discs and the resorption of cartilage in the discs (Hyvärinen 1969 ). This is accompanied by reduction of brain mass and braincase depth, the latter caused by the resorption of the parietal and occipitointerparietal bones at the edge of sutures (Dehnel 1949; Pucek 1955; Bielak and Pucek 1960; Hyvärinen 1969 ).
Dehnel's phenomenon has been interpreted as an adaptation permitting a reduction in absolute food requirements in winter, when food availability is potentially limited (Mezhzherin 1964; Hyvärinen 1984; McNab 1991) . This interpretation is based on comparisons of food consumption and metabolic rates in species of shrews that differ in size (Hanski 1984; Churchfield 1990 ). On the other hand, several authors have stressed that the advantage of small body size in shrews in winter may be diminished by increased mass-specific heat loss at low ambient temperatures as a result of a less favorable body-surface-tomass ratio in small animals. Although smaller animals always have lower whole-body heat loss at a given temperature than is the case in large animals, their thermoregulatory heat production constitutes a larger proportion of the absolute energy expenditure, which makes them more sensitive to cold. It is surprising, therefore, that the smallest Eurasian Sorex species, Sorex minutus and Sorex minutissimus, inhabit the coldest areas of Eurasia (Mezhzherin 1964; Ochociń ska and Taylor 2003) . Moreover, in several Holarctic Sorex species, the average size of individuals decreases toward the north, in contradiction of Bergmann's rule, which states that populations of endothermic species living in cold climates tend to be larger than those living in warm climates (Ochociń ska and Taylor 2003; Yom-Tov and Yom-Tov 2005) .
Almost nothing is known about the factors responsible for the magnitude of Dehnel's phenomenon. Pucek (1963 Pucek ( , 1970 analyzed geographical variation of the winter decrease in the depth of the braincase in Sorex and suggested, on the basis of a rather limited body of data, that this variation may be caused by different climatic conditions. Larger decrease is supposed to be associated with colder climate. A clear positive correlation between winter mass reduction and latitude has also been found in a comparison of three species of rodents from different populations (Heldmaier 1989) . In contrast, no correlation (or very limited support for the correlation) between seasonal change in body mass and latitude has been shown in the interspecific comparison of small mammals (Lovegrove 2005) . Similarily, analysis of the winter decrease in body mass in S. araneus in Europe has revealed no correlation between the magnitude of the decrease and latitude, which may indicate no direct impact of climate on Dehnel's phenomenon (Ochociń ska and Taylor 2003) .
The aim of this study was threefold. First, to shed light on the factors governing the size of winter mass reduction, we performed a long-term study of Dehnel's phenomenon in S. araneus in Białowieża area, in northeastern Poland, where the phenomenon was described for the first time by August Dehnel (1949) . We hypothesized that weather conditions, changing from year to year, would modify the magnitude of Dehnel's phenomenon on a small geographic scale in our study plot in Białowieża. Sorex araneus starts decreasing body mass in early autumn (Dehnel 1949) . We expected, therefore, higher body mass loss in years with cold autumns and harsh winters. Second, to elucidate the consequences of the reduced body mass in winter, we measured heat loss in captive, wild-caught S. araneus in winter and summer. To test whether shrews are exposed to conditions of high heat loss in their habitat, we determined their thermogenetic capacity (maximum metabolic rates [MMRs] ) and compared it with the capacity in shrews acclimated to extreme cold in the laboratory. We also monitored the thermal environment of shrews by measuring temperatures in their habitat, including temperatures under the snow where they live. Third, to reveal the benefits of reduced body mass, we measured resting metabolic rates (RMRs) of summer-and winter-acclimatized S. araneus in the thermoneutral zone, which is an important part of its energy budget (Ochociń ska and Taylor 2005) . We hypothesized that whole-body metabolic rate is strongly positively correlated with body mass, which would assure lowering of energy expenditure in winter. RMRs in S. araneus in summer and winter have already been measured by Gębczyń ski (1965) , who has shown lower absolute values in shrews captured in winter, but unfortunately these measurements included some activity among the test animals. Lower activity of captive S. araneus in winter than in summer has been found to be the reason for lower food consumption in shrews that did not differ in body mass between seasons (Churchfield 1982) .
Material and Methods
Sorex shrews normally attain approximately 70% of adult body mass during their first summer, followed by a decrease in mass in winter; in spring, shrews mature, grow to adult size, and finally reproduce; and they die before the second winter (Pucek 1970) . Consequently, because we were interested in reduction of body mass from summer to winter, in summer we studied only immature shrews in their first calendar year of life.
Study Site, Trapping and Weighing Shrews, and Weather Conditions
Trapping was performed during a 2-wk period in winter (January-February during the years 2006-2010), when conditions were coldest and winter body mass was the lowest (Dehnel 1949) , and was performed in summer (June-July during the years [2007] [2008] [2009] ) to obtain shrews for comparison. Additional trapping was performed in September 2007 to confirm that the major part of body mass loss occurs in autumn (Pucek 1970) . Shrews were trapped on a sedge swamp in the valley of the Narewka river, close to Białowieża village in northeastern Poland (52Њ45 N, 23Њ42 E). The dominating plant species in the study area were sedges (Carex approprinquata and Carex rostrata), reeds (Phragmites communis), and grasses (Phalaris arundinacea and Bromus inermis) as well as various forbs. Scattered trees and bushes (Alnus glutinosa and Salix species) were also present. The sedges formed dense tussocks with additional ground cover of mosses and a litter layer of dried sedges.
Trapping methods and traps have been described in detail elsewhere Rychlik et al. 2012 ). In brief, we used 200-250 wooden box traps provided with nest boxes. Nest boxes contained polartec fleece as insulating bedding and fly (Calliphora) pupae as food for trapped animals. In winter, to prevent blockage by snow, the traps were placed in protective wooden chimneys (boxes of with re-30 cm # 31 cm # 50 cm movable lids) with gaps at the base to allow access to traps for small mammals from the surrounding litter layer. Traps were open day and night and were checked at 2-h intervals.
Shrews were weighed at the trapping site immediately upon capture using a portable electronic battery-operated balance (CL201J, Ohaus) to the nearest 0.1 g. This model of balance could work at ambient temperatures as low as Ϫ18ЊC. Before release, shrews were individually marked by toe clipping. Most of them were recaptured during the same trapping session, and some of them were recaptured repeatedly, even up to 20 times. Only body mass at the first capture was used for analysis. We managed to capture and weigh many more immature shrews in summer than in winter. This was attributable to the fact that summer samples included a large proportion of transient nonterritorial animals, whereas all animals in winter samples were supposed to be territorial (Rychlik 1998) .
The data on weather conditions before and during the 2-wk trapping sessions were obtained from the local meteorological station (Institute of Meteorology and Water Management), situated in park grassland 3 km from the study area, where weather conditions were recorded three times per day throughout the year. In addition, ambient temperatures within the leaf litter layer and at 6-cm depth of soil were measured at midday at five points in the study area during sampling sessions using electronic temperature probes.
Heat Loss: Thermal Conductance
To estimate heat loss in winter and summer shrews, we determined their thermal conductance in carcass-cooling experiments. Freshly trapped shrews were killed by cervical dislocation and were weighed, and their body length was measured ventrally from the tip of snout to anus. Each animal was placed on a piece of cardboard in a natural position. A thin, flexible thermocouple probe was inserted in the anus to a depth of 20 mm and fastened with a thin string to the tail, close to its base. The whole unit was placed in a warm oven, and the animal was slowly heated to an internal body temperature of 37ЊC. Next, the unit was moved to the walk-in chamber with a controlled temperature of 1ЊC and covered with a large glass box to eliminate small air currents and to stabilize the ambient temperature (‫1.0ע‬ЊC). The walls of the box and of the walkin chamber were in thermal equilibrium with air temperature. The decrease in body core temperature was measured with a BAT-12 digital thermometer (Physitemp; ‫1.0ע‬ЊC) and was recorded every 0.5 min during the first 10 min of the cooling experiment and every 1 min thereafter. Another thermometer measured air temperature in the glass box. Each carcass was measured twice, once with smooth fur and once with fluffed fur. Fluffed-fur condition was obtained by blowing air against the angle of the hair insertion over the whole carcass surface.
This procedure gave a fairly uniform stand of hair and increased thickness of the fur layer.
Assuming a negligible temperature gradient in the tissues, the change of carcass temperature may be described as , where T b is body temperature, t is time,
a is the cooling constant ( ), and T a is the ambient temper-1/t ature. Integration yields the equation ,
where c is the integration constant. The cooling constant a of carcasses was calculated as the absolute value of the slope of the regression line of against time t, using all reln (T Ϫ 
Respirometry: Measurements of RMR and MMR
We performed . Captured shrews were placed individually in small terraria that were provided with a layer of moist soil, hay, and moss. The temperature and light regime approximated natural conditions. Shrews were provided with water and meat mixture consisting of homogenized ox liver, ox heart, and chicken breast supplemented with minerals and vitamins. Typically, shrews were captured in the evening and were measured on the first, and not later than on the second, day after capture. Each individual was used in only one type of measurement (either RMR or MMR). We measured oxygen consumption in shrews in a positivepressure open-flow respirometry system. The metabolic chamber, with an animal inside, received dry outside atmospheric air (or dry helox, a mixture of 79% helium and 21% oxygen) from the upstream mass-flow controller (beta-ERG, Warsaw). A subsample of excurrent gas from the chamber was first scrubbed of CO 2 (Carbosorb AS, BDH Laboratory Supplies, Poole, UK), redried, and passed through the sensor of an S-3A/II Ametek (Pittsburgh, PA) oxygen analyzer. In winter 2006 and summer 2007, the FC-10a oxygen analyzer (Sable Systems) was used. Oxygen analyzers were calibrated against atmospheric air, and, in addition, their readings were compared by calibration with gas of known O 2 concentration. The analyzer was interfaced to an A/D and computer system that recorded data.
For measurement of RMR in the thermoneutral zone (RMR t ), the metabolic chamber (300 mL), containing an animal, was placed in a temperature-controlled water bath. Before reaching the chamber, the air stream passed a copper coil, 2 m long, that was submerged in the bath to equalize temperatures. Measurements were taken at 28ЊC in summer and 27ЊC in winter, which are temperatures within the thermoneutral zones of S. araneus (J. R. E. Taylor and D. Ochociń ska, unpublished data). Air flow through the chamber was set at 300 mL min Ϫ1 standard temperature and pressure, dry (stpd), and measurements were performed during daylight. The animals were not fasted before measurements. RMR t was taken as the lowest stable oxygen consumption maintained over a 4-min period of inactivity (as observed through the Plexiglas cover of the chamber), which occurred usually approximately 2 h after the start of the trial. Results from 54% of measurements were discarded because no sufficient resting period could be observed.
The MMR was measured in the same respirometry system, but air flowing through the system was replaced by helox (79% helium, 21% oxygen). Because helium conducts heat approximately six times faster than does nitrogen, heat loss from an animal is considerably higher in helox than in air, and MMR can be elicited at relatively high temperatures (Rosenmann and Morrison 1974) . The chamber (the same as for RMR t ) with an animal was placed in a climate cabinet that allowed a fast decrease in temperature. The rate of helox flow through the chamber was 860 mL min Ϫ1 . The ambient temperature in the chamber at the commencement of the experiment was 10ЊC in summer and 0ЊC in winter, and during each measurement period, it decreased by a maximum of 10ЊC in both winter and summer. The measurement lasted until the oxygen consumption started to decrease, in which case the measurement was stopped and the animal was quickly removed from the chamber. Body temperature was measured immediately after the removal with a thermocouple probe (‫1.0ע‬ЊC; BAT-24) inserted 1.5 cm into the rectum. The shrews were hypothermic after measurements, which indicated that they had achieved their MMRs. The MMR was defined as the highest rate of oxygen consumption that could be sustained for 2 min. The maximum oxygen consumption was reached, on average, 14 min after the animal's placement in the metabolic chamber. The measurements of MMR were performed between 1900 and 2200 hours in summer and between 1600 and 2000 hours in winter.
The mass-flow controller was calibrated against a bubble flowmeter (separately for the air and helox) before and after each session of measurements. We calculated oxygen consumption rates (stpd) using Hill's equation (4) (Hill 1972 ). Because flow rates were quite large relative to the volume of the metabolic chamber, we did not apply the instantaneous transformation (Bartholomew et al. 1981) . The rates of oxygen consumption were converted to energy expenditure assuming an energy equivalence of 20.1 J mL Ϫ1 O 2 . Animals were weighed to the nearest 0.01 g (Ohaus, Port-O-Gram, Florham Parks, NJ) before each measurement, and this body mass was used in analyses of metabolic rates.
Skull Measurements
Skulls were measured in 66 shrews collected for measurements of thermal conductance and metabolic rates in three winters (2008, 2009, and 2010) and two summers (2007 and 2008) . The dissected skulls were cleaned of flesh by means of dermestid beetle larvae. The height (depth) of the braincase per bullae tympanici (Dehnel 1949 ) was measured to 0.01 mm with electronic calipers.
Statistics
We used an ANOVA to statistically test for the effect of two factors, season (summer or winter) and year, on body mass and skull depth (dependent variables) in shrews in our study area. The analysis of body masses included 208 values, each from a different individual. From 11 individuals trapped during summer and the following winter, body mass from only one randomly chosen season was included in the data set. The twoway ANOVA was also used to test for the effect of season and fur condition (smooth fur or fluffed fur) on the thermal conductance. All of these ANOVA models included the interaction terms between two factors, and all factors were considered fixed. ANCOVA was used for the analysis of metabolic rates (RMR t and MMR) and thermal conductance, with season as factor and with body mass as a covariate. The values of RMR t , MMR, C, and body mass were log transformed before ANCOVA tests were performed. The interactions between the covariate and factors were nonsignificant in all ANCOVAs and therefore were not included in the reported models. For all analyses, assumptions of parametric tests were met. Mean values are reported with their standard errors.
Results

Dehnel's Phenomenon: Body Mass and Skull Depth Depression
Shrews were weighed during three summer seasons and five winter seasons ( fig. 1 ). The comparison of body masses in three summers and in three following winters (different individuals in each season) with two-way ANOVA (each pair was a level of a factor called "year," and season was a second factor) revealed a significant difference between summer and winter ( , ) with no difference between years F p 112. in summer 2007 and in the following winter ( fig. 2) . The average body mass decrease in these nine individuals was , which was similar to the difference between 20.9% ‫ע‬ 2.0% mean body masses recorded in the population over the same time period (16.9%; nine individuals excluded). Mean body mass of these individuals did not differ from mean mass of other shrews, either in summer ( by t-test) or in P p 0.442 winter ( ). P p 0.349 Body mass loss from summer to winter was accompanied by a decrease in skull depth ( fig. 3) warmer than those seasons in other years, and a decrease in air temperatures during our study period, starting in late January, coincided with heavy snowfall that made the shrews' habitat more favorable (table 1). In contrast, during 2007 and 2008, there were 10, 11, and 18 days in November, December, and January, respectively, when minimum temperature at the meteorological station, 5 cm above ground, decreased to below Ϫ5ЊC (down to Ϫ18ЊC) and was combined with no or negligible snow (!2 cm). Later, however, during our 2008 winter study period, temperatures became milder. In general, the coldest winters during our fieldwork were also the winters with the most snow (table 1). Irrespective of air temperatures 2 m above the ground, temperatures recorded in the litter were stable and mild in all winters (not less than Ϫ1.0ЊC).
Heat Loss: Thermal Conductance
Thermal conductance (C, mW ЊC Ϫ1 ) is proportional to the whole-body heat loss from an animal at a given thermal gradient between body core and ambient temperature. The difference of 19.2% in body mass between summer and winter shrews was accompanied by 19.5% and 19.8% decreases in C measured in animals with normal (smooth) and fluffed fur, respectively (table 2). These interseasonal differences were statistically highly significant in both cases (table 2). In the twoway ANOVA (with season and fur condition as factors), season was highly significant ( , ), but fur con-F p 177.5 P ! 0.001 1, 24 dition was not ( , ); the interaction be-F p 3.18 P p 0.087 1, 24 tween the two factors was nonsignificant ( ,
). The values of C with smooth fur, corrected for body 0.919 mass, were significantly lower in winter than in summer (ANCOVA with body mass as a covariate;
; table 2). P p 0.0012 The analogous ANCOVA test for fluffed fur gave very similar results ( ). P ! 0.001
RMR and MMR
The RMR measured in thermoneutrality (RMR t , expressed in W) did not differ significantly between summer and winter in the ANCOVA model with body mass as a significant covariate (table 3) . The interaction between body mass and season added to the ANCOVA model was nonsignificant ( , F p 1.78 P p 1, 41 ). In the pooled sample of measurements from the two 0.190 seasons, the RMR t also depended significantly on body mass ( , ; fig. 4 ) with the slope of the regression F p 37.5 P ! 0.001 1, 43 line equal to 0.951 (fig. 4) . The average body mass loss of 19.0% from summer to winter observed in our study area translated to a 18.2% reduction in absolute RMR t as calculated from the regression equation (fig. 4) .
Mean MMR (expressed in W) of shrews was only 8% higher in winter than in summer (table 3) . However, when corrected for body mass by means of ANCOVA, the values of MMR were 22% higher in winter, and the difference was statistically highly significant ( 
Discussion
Magnitude of Dehnel's Phenomenon in Sorex araneus
Dehnel's phenomenon was clearly demonstrated in S. araneus inhabiting our study plot, manifested by the average body mass Energetic Consequences of Winter Reduction in Body Mass 000 ; the pooled regression slope of thermal conductance on body mass was . 0.001 0.485 ‫ע‬ 0.103 decrease of 19.0% from summer to winter and a parallel reduction in the depth of braincase in immature animals (figs. 1-3). The recorded body mass loss is very similar to 18.5%, which is the grand mean from 10 populations of S. araneus in Europe (Ochociń ska and Taylor 2003) . The weight loss of approximately 50% in S. araneus and other shrews reported in the literature (Heldmaier 1989; Merritt 1995; Lovegrove 2005) is erroneous because of the overestimation of the average body mass in summer. Sorex shrews are short-lived, their average life span includes only one winter, and they do not attain more than 70% of adult body mass before winter. Calculation of winter mass loss from the average population in summer (immature individuals combined with larger overwintered adults that do not survive to the next winter) or even from adult mass alone as initial values inevitably leads to the overestimation of Dehnel's phenomenon. Our analysis of the magnitude of the Dehnel's phenomenon tests for differences in body mass and skull depth across individuals captured in different years and seasons. Such an approach confounds phenotypic plasticity (i.e., phenotypic differences occurring in a single individual) with other sources of variation at the population level. For example, higher mortality of larger individuals may be an important confounding population factor. Consequently, the results of the interyear analysis of Dehnel's phenomenon should be treated with caution. Nevertheless, we succeeded in proving that the observed decrease in mean body mass represents genuine changes in individuals. We observed loss in body mass in all 11 individuals that we managed to weigh in the summer and in the following winter ( fig. 2) , and the mean body mass of nine individuals captured in the same year did not differ from the mean mass of other shrews (captured only once) either in summer or in winter.
We did not find any statistically significant differences in either body mass loss or braincase depression between years (figs. 1, 3) despite different weather conditions. Low minimum temperatures in autumn 2007 and the beginning of winter 2007/2008 combined with no or negligible snow, as well as a warmer autumn in 2006 and warmer early winter in 2006/2007, did not result in higher and lower mass loss, respectively. It might be expected that a combination of low temperatures and lack of protective snow layer would have the strongest effect on body mass, because prolonged periods of such conditions sometimes result in increased mortality of shrews (Formozov 1946) . A 4-yr study of S. araneus in England also revealed that body mass losses in autumn and winter were not correlated with temperatures prevailing at the time, and colder winters did not result in lower body masses of shrews (Churchfield et al. 1995) . These data are in agreement with the geographic analysis of Dehnel's phenomenon throughout Europe, which showed no relationship between the magnitude of winter body mass decrease in S. araneus and latitude, the proxy of environmental temperatures (Ochociń ska and Taylor 2003) . All these observations indicate that the degree of Dehnel's phenomenon is not affected by temperatures. These observations may be explained, at least in part, by the rather mild microclimate in the litter layer, where shrews live, especially under snow, both in our study area (table 1) and elsewhere (Coulianos and Johnels 1962; Randolph 1973) . Temperatures measured in the litter layer in our study plot were stable and did not decrease below Ϫ1.0ЊC. That shrews can decrease their heat loss in winter is also shown by our carcass-cooling experiments.
Heat Loss and Maximum Heat Production
Several authors (e.g., Heldmaier 1989) have used the argument that lowered body mass in winter, in addition to having a potential advantage of reduced food consumption, also carries the disadvantage of increase of mass-specific heat loss, because smaller animals have a less favorable ratio of surface area to body mass. Consequently, all other things being equal, body mass reduction increases cold sensitivity in winter. This effect is incorporated into the relationship of C with body mass in mammals. The whole-animal thermal conductance (measured as the slope of metabolic rates vs. ambient temperature below thermoneutrality) in mammals scales to body mass raised to the power of approximately 0.5 (Bradley and Deavers 1980; Aschoff 1981; McNab 2002) . This means that decrease of body mass by 19%, equal to the difference between masses of summer and winter shrews used in the cooling experiment, results in a decrease of only 10%-11% in C and whole-animal heat loss, depending on which allometric equation has been used. In our study, however, this difference in body mass was accompanied by a much larger (19%) decrease in C. When corrected for body mass, C was significantly lower in winter shrews (table  2) , and this was apparently caused by the improvement of insulating properties of fur in winter. The density of fur and the length of both guard and woolly hairs increase substantially in S. araneus in winter (Borowski 1958; Ivanter 1994) . This leads to a 21% reduction in heat loss through the pelage from summer to winter, as shown in measurements of dried flat skins (Ivanter 1994) . Characteristically, in our experiment, fluffing the fur did not reduce C to any significant extent (table 2) , as found in an analogous experiment using 2.3-g Sorex vagrans (Morrison and Tietz 1957) . This might be caused by the particularly dense short hair possessed by shrews (Ivanter 1994) . In addition to improved insulation, S. araneus can also compensate for low temperatures in winter by upregulating its maximum thermogenesis. The increase of the MMR, mainly by enhanced capability of nonshivering thermogenesis, is the main means of seasonal acclimatization to cold in small mammals, including shrews (Dawson and Olson 1987; Merritt 1995) . MMR in winter-acclimatized S. araneus in our study was 22% higher than in summer, when MMR values were corrected for body mass differences. The mass-specific MMR measured in our winter shrews (0.159 W g Ϫ1 ) is among the highest yet reported in mammals (Sparti 1992) and certainly is an effective way of compensating for elevated rates of heat loss in winter (because of larger body temperature : ambient temperature gradients). On the other hand, the MMR values that we recorded in winter were still, on average, 15% lower than the MMR measured in S. araneus acclimated to 2ЊC in captivity in winter but deprived of nesting material and any other forms of insulation (J.R.E. Taylor, unpublished data). It suggests that our shrews still had unused potential for increase of thermogenic capacity that might be associated with the relatively mild microclimate of their subnivean habitat and the possibility of using well-insulated nests.
In summary, the results of our study indicate that, despite their small body size (decreasing to a minimum in winter), these tiny mammals effectively reduce their energy requirements in winter by lowering the costs of thermoregulation. This may be inferred from (1) no interyear variation in Dehnel's phenomenon despite some (albeit not very distinct) differences in weather; (2) relatively mild temperatures in the subnivean space where shrews live, compared with the above-snow temperatures; (3) unused potential for the increase of thermogenic capacity; and (4) increased thermal insulation of fur in winter. Low sensitivity to cold in shrews contributes to the fact that the two smallest shrews in Eurasia (Sorex minutus and Sorex minutissimus) are found above the Arctic Circle (Mezhzherin 1964; Ochociń ska and Taylor 2003) .
Our measurements revealed a significant positive correlation between RMR t (W) and body mass in S. araneus (fig. 4) . To our knowledge, this is the first intraspecific allometric relationship of metabolic rate in shrews. Previous arguments of the adaptive value of winter body mass reduction were based on comparisons of food consumption or metabolic rates in various species of shrews differing in body mass, including large overwintered individuals (Hanski 1984; Churchfield 1990 Churchfield , 2002 . Characteristically, the slopes of these interspecific allometric relationships are low and translate to a relatively small decrease in energy expenditure with decreasing body mass. For example, the exponent of the equation relating metabolic rate at 23ЊC to body mass, which combines measurements from six species of soricine shrews, is equal to 0.58 (Hanski 1984) . In our study, RMR t in S. araneus was related to body mass with a higher exponent of 0.95. The estimated 18% reduction in RMR t , which results from winter mass decrease, may be important in the overall energy budget of a shrew, because RMR t constitutes an important fraction of the total energy expenditure (and therefore also of energy income in consumed food). In free-ranging S. araneus, RMR t constituted 41% of the whole-animal metabolic rate measured in summer by means of doubly labeled water (Ochociń ska and Taylor 2005) . RMR t in winter-acclimatized sibling species, Sorex coronatus (measured in Sparti and Genoud 1989) constituted approximately 40% of its whole-animal winter energy expenditure estimated by Genoud (1985) by extrapolating laboratory measurements of metabolic rates to the field conditions in western Switzerland.
Lower RMR t , combined with increased thermal insulation of fur in winter, reduces winter energy requirements. Additional reduction of energy requirements may come from lower winter locomotor activity in shrews, which may be inferred from observation of shrews' behavior in captivity and their significantly smaller winter home ranges (Buchalczyk 1972; Churchfield 1982; L. Rychlik, unpublished data) . Reduced energy expenditure in winter (although energy expenditure is presumably still higher in winter than in summer) translates to food demands that are lower than they would be if individuals did not undergo seasonal decrease in body mass. Relatively lower food requirements may be of adaptive value when food resources and their availability are limited. Surprisingly, we did not find a significant difference in the total numbers and biomass of invertebrates in ground cores collected in winter and summer in our study plot . However, in winter, the preferred prey species were lower in number and were less available. Consequently, the reduction of food requirements in winter may also have important survival value for shrews in our study plot (and in other populations).
The dependence between body size and food requirements together with different availability of food resources in various environments is presumably the main factor shaping geographical patterns of mammalian body mass variation (McNab 2010) . Our study supports the hypothesis that smaller body size of individuals in northern populations observed in several Holarctic Sorex species is adaptive and related to scarcity of food at high latitudes in winter (Ochociń ska and Taylor 2003; Yom-Tov and Yom-Tov 2005) . The relationship between body mass, winter body mass reduction, food resources, and especially winter survival in local populations of small mammals needs further elucidation.
